Persistent infections with carcinogenic human papillomavirus (HPV) types are the necessary cause of cervical cancer. We recently demonstrated that the HPV16 genome is strongly methylated in cervical precancer compared with transient infections. However, the extent of methylation in other HPV types and its role in progression to cancer is poorly understood.
HPV DNA Testing
Hybrid Capture 2 (HC2; Qiagen Inc., Gaithersburg, MD), a DNA test for a pool of 13 carcinogenic HPV genotypes (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) was conducted on the banked STM specimen per the manufacturer's instructions as part of routine cervical cancer screening, as described above. The MY09/M11 L1 degenerate primer PCR (MY09/11 PCR) method was used to test neutralized and frozen residual STM specimens (after HC2 testing) for HPV-specific genotypes, as described previously (8, 9) . Dot blot hybridization of the amplicons, using HPV genotype-specific oligonucleotide probes, was used to identify individual HPV genotypes.
HPV DNA Methylation Measurement
We sampled CpG sites from the whole HPV genomes. The CpG sites within the L1, L2, and E2 ORFs were surveyed because these regions showed a statistically significant association between HPV16 methylation and CIN3+ in our previous studies (6, 10) .
For the other open reading frames and the upstream regulatory region (URR), at least one segment with CpG sites was sampled for methylation. Primers for PCR were designed using MethPrimer (http://www.urogene.org/methprimer/index1.html) and are listed in Supplementary Table 1 (available online). We used the following reference sequences (GenBank IDs) as a denominator for CpG counts and for primer design: X05015 (HPV18), J04353 (HPV31), and X74479 (HPV45). All primers were purchased from Integrated DNA Technologies Inc (Coralville, IA). The extent of CpG methylation was determined by pyrosequencing (Qiagen, Germany) according to the manufacturers' recommended protocol. In brief, DNAs from cervicovaginal samples previously used for HPV typing were treated with freshly prepared bisulfate, using the EZ DNA methylation kit (Zymo Research, Orange, CA), according to the recommended protocol. After bisulfite modification, genomewide pyrosequencing was performed covering 80-106 sites. Bisulfite treated DNA results in unmethylated C's being converted into U's, which are then converted to T's by Taq polymerase during PCR amplification; methylated C's remain unmodified. All segments were amplified by HotStart-IT FideliTaq DNA polymerase (United States Biochemicals, Cleveland, OH). All PCR reactions were performed with one primer containing biotin that was captured by streptavidin-coated beads, and annealed to a sequencing primer. Pyrosequencing was performed by DNA polymerase with sequential addition of each dNTP, and the released pyrophosphate was catalyzed by ATP sulfurylase, luciferase, and apyrase sequentially to generate light signals, which are detected by a charge-coupled device (CCD) camera on a PSQ96 system (Qiagen). Because the bioluminometric response is linear for the sequential addition of dNTPs, the signal intensity reflects the original methylation ratio (ie, percent methylation). Each PCR product was pyrosequenced by one or up to four sequencing primers (Supplementary Table 1 , available online). For HPV18, 67% of all sites had a 90% or higher pass rate, and 90% had a pass rate of 80% or higher. For HPV31, 91% of all sites had a 90% or higher pass rate, and 100% had a pass rate of 80% or higher. For HPV45, 28% of all sites had a 90% or higher pass rate, and 90% had a pass rate of 80% or higher.
Statistical Analysis
Median methylation levels in case patients and control subjects at each site were compared using the Mann-Whitney U test. A correlation matrix based on Spearman rank correlation coefficients of methylation levels at individual CpG sites was calculated, using levels in cases only because many controls had very low levels leading to statistical imprecision. To compare correlation of methylation levels in HPV genes across genotypes, medians and interquartile ranges of correlation coefficients were computed for E6/7, E2, L2, L1, and URR. Methylation levels were categorized in tertiles for each site, defined by the distribution of methylation levels in control subjects. Specifically, logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) based on a dichotomized result for methylation (the highest tertile vs middle and low tertiles combined), comparing the case patients and control subjects. ROC curves and areas under the curve with 95% CIs were calculated for distributions of methylation levels in case patients and control subjects. Exemplary pairs of sensitivity and specificity are presented based on cutoffs that achieved the highest Youden's index (Sensitivity+Specificity-1) with a minimal sensitivity of 0.8 and a minimal specificity of 0.6. Raw P values are presented in the text and tables with footnotes indicating P values significant after conservative Bonferroni correction. This presentation permits an assessment of the results without adjustment for multiple comparisons or with the most conservative correction for multiple comparisons. All analyses were performed in Stata 12 (StataCorp, College Station, TX).
results

HPV31 Methylation in Case Patients and Control Subjects
A total of 88 women infected with HPV31, including 45 women with CIN3 (mean age 37, median age 35) and 43 women without cytological or histological abnormalities (mean age 37, median age 37) were included in the analysis. Eighty CpGs (out of 117 for HPV31) covering the complete genome were analyzed. The CpG sites analyzed included 4 of 10 CpGs from E6, 4 of 8 CpGs from E7, 9 of 25 CpGs from E1, 15 of 18 CpGs from E2, 22 of 25 CpGs from L2, 21 of 22 CpGs from L1 and 5 of 9 CpGs from the URR (Supplementary  Table 2 , available online). Except for one CpG site in E2 (nucleotide position 5502), methylation levels at all sites in case patients were equal to or higher than in control subjects ( Figure 1 ). The highest levels in case patients were observed in the L2 and L1 regions. A site in L2 with the highest median methylation level (0.29 at genome position 5086) in control subjects also had the highest median methylation level (0.55 at genome position 5086) in CIN3 case patients; the highest median difference (0.35, Mann-Whitney U P value <0.00002, significant after Bonferroni correction) between case patients and control subjects was observed for site 5881 in L1 (Table 1) .
The correlation between methylation levels at each site compared with all other sites within each gene revealed weak to moderate correlation within E6, E7, E1, and URR, while correlation was very high in parts of E2, all of L2 and all of L1. There was also high correlation of methylation levels across genes for E2, L2, and L1 ( Figure 1 : red shading in lower part of panel).
In logistic regression models, increased methylation was associated with increased risk of CIN3 at all but four sites with odds ratios ranging from 1.01 to 15.1. After adjusting for multiple comparisons, 33 sites in E1, E2, L2, and L1 were statistically significant (Bonferroni-adjusted level of significance p < 0.00063) with ORs ranging from 5.1 to 15.1 (Supplementary Table 2 , available online). Areas under the curve were calculated to compare the discrimination of individual CpG sites between case patients and control subjects; 11 CpG sites in E1, E2, L2, and L1 had an AUC of at least 0.75 with a maximum AUC of 0.81 (position 5524) ( Table 1) . ROC curves are shown for three sites in E2 and L2 (Supplementary Figure 1 , A-C, available online). An assay based on the detection of CpG methylation at site 4263 with a methylation threshold of ≥0.04 would have 82% sensitivity and 74% specificity for the detection of CIN3 among HPV31-positive women in this population. Table 3 , available online). Methylation levels at all CpG sites except one (L1 nucleotide position 5502) were equal to or higher in case patients than in control subjects. Methylation levels in case patients were low (<0.04) in E6, E7, E1, and the URR, and much higher in E2, L2, and L1 ( Figure 2 ). HPV18 methylation levels in E2, L2, and L1 were higher compared with the levels observed for HPV16 and HPV31. The highest median methylation level among control subjects was observed for a site in L2 (0.3 at genome position 4898). The highest median methylation level among CIN3 case patients was observed for a site in L1 (0.71 at genome position 6014); this site also had the highest median difference between case patients and control subjects (0.45, Mann-Whitney U P value 0.0009, Bonferroni-adjusted level of significance p < 0.00047) ( Table 2) .
HPV18 Methylation in Case Patients
CpG methylation was highly correlated within individual HPV18 genes, with intra-gene correlation coefficients between 0.7 and 1.0, for sites within E6, E7, E1, E2, L2, L1, and URR. In addition, we observed two blocks of correlated methylation levels across the early genes E6-E2, and across the L2-L1 region (Figure 2) .
In logistic regression models, increased methylation was associated with increased risk of CIN3 at all but one site with ORs ranging from 1.7-25.0. After adjusting for multiple comparisons, 38 sites in E2, L2, and L1 remained statistically significant (Bonferroniadjusted level of statistical significance p < 0.00047), with ORs ranging from 5.7-14.2 (Supplementary Table 3 , available online). Sixteen CpG sites in E2, L2, and L1 had an AUC of at least 0.80, with a maximum AUC of 0.85 (position 7068) ( Table 2) . ROC curves are shown for three sites in L2 and L1 (Supplementary Figure 1 , D-F, available online). As an example, an assay based on the detection of CpG methylation at site 7041 with a methylation threshold of ≥0.07 would have 85% sensitivity and 71% specificity for the detection of CIN3 among HPV18-positive women in this population.
HPV45 Methylation in Case Patients and Control Subjects
A total of 23 women infected with HPV45, including 12 women with CIN3 (mean age 42, median age 42) and 11 women without detectable cytological or histological abnormalities (mean age 37, median age 33) were included in the analysis. One hundred and five CpG sites (out of 160 total for HPV45) covering the complete genome were analyzed, including 6 of 13 CpGs from E6, 9 of 11 CpGs from E7, 4 of 32 CpGs from E1, 30 of 31 CpGs from E2, 24 of 32 CpGs from L2, 25 of 29 CpGs from L1 and 5 of 12 CpGs from the URR (Supplementary Table 4 , available online). Similar to HPV18 and HPV31, the vast majority of CpG sites had higher methylation levels in cases than in controls (Supplementary Table 4 , available online). In CIN3 cases, HPV45 showed the highest methylation levels in E2, L2, and L1 of all three types included in this study ( Figure 3 ).
The highest median methylation level for case patients and control subjects was observed for a CpG at genome position 4908 in L2 (0.33 in control subjects, 1.0 in case patients). The highest median difference between case patients and control subjects was observed for site 3580 in E2 (0.95, Mann-Whitney U test P value 0.0016).
The correlation pattern of HPV45 showed strong intra-gene correlations of methylation levels within E6, E7, E1, E2, L2, L1, Figure 1 . HPV31 methylation levels in case patients and control subjects. For each of the analyzed 80 CpG sites, the median percent methylation in case patients (red bars) and control subjects (grey bars) is shown (secondary y-axis). The black dots indicate Mann-Whitney U-test P values for median methylation differences between case patients and control subjects on an inverse logarithmic scale (primary y-axis). The HPV31 genomic region is shown on the x-axis. The correlation matrix in the bottom part of the graph indicates the correlation of methylation levels at all sites across the HPV31 genome. Black lines indicate transitions between adjacent HPV genes. For each combination of two sites, the Spearman rho correlation coefficient is shown color-coded with a range from perfect correlation (1, dark red) to inverse correlation (-1, dark blue) as indicated by the color bar. All statistical tests were two-sided.
and URR. Similar to HPV18, there were two blocks of correlated methylation sites across E6, E7, E1, and L2, L1 ( Figure 3 ).
In logistic regression models, increased methylation was associated with increased risk of CIN3 at most sites with ORs ranging from 1.3-70.0 (Supplementary Table 4 , available online), but P values were less significant in HPV45 because of the smaller numbers of case patients and control subjects. None of the sites showed a statistically significant association after adjusting for multiple comparisons (Bonferroni-adjusted level of significance p<0.00047). The lowest P value was observed for site 7042 in L1 (OR 40.0, 95% CI 3.05 to 525, p=0.00498).
Sixty-one CpG sites in E6, E2, L2, and L1 had an AUC of at least 0.80, with a maximum AUC of 0.98 (position 6990) ( Table 3) . ROC curves are shown for three sites in E2 and L1 (Supplementary Figure 1 , G-I, available online). An assay based on the detection of CpG methylation at site 7042 at a cutoff of ≥0.3 would have 91% sensitivity and 100% specificity for the detection of CIN3 among HPV45-positive women in this population.
Correlation of Methylation Levels Within HPV Genes Across Genotypes
The visual presentation of the correlation matrices for HPV31, HPV18, and HPV45 shows notable differences across types, with higher similarity between HPV18 and HPV45 compared with HPV31 ( Figures 1-3 ). We computed median Spearman rank coefficients and interquartile ranges for E6/E7, E2, L2, L1, and URR for each genotype (Table 4) . While intra-gene correlation was consistently high across the three types for E2, L2, and L1, there were substantial differences in intra-gene correlation for the E6/E7 and URR regions. HPV18 and HPV45 showed similar (E6/E7) or slightly lower (URR) levels of correlation compared with the other genes. In contrast, Spearman rank correlation coefficients were much lower for HPV31 in E6/E7 and URR, confirming that the methylation patterns were more similar between the two alpha-7 types compared with the alpha-9 type HPV31.
Methylation Levels in Single versus Multiple Infections
We reasoned that for case patients, detection of a single HPV type implied that the type caused the precancer; in contrast, in a case patient with multiple carcinogenic HPV types, the lesion might be attributable to any one of the types present. In consequence, the causal type for a CIN3 lesion would have altered methylation patterns, whereas the other, non-causal HPV infections would not. To test this notion, we evaluated the methylation levels in case patients and control subjects by infection status with multiple versus single carcinogenic HPV types. For HPV31, 12 case patients and 5 control subjects had multiple infections, whereas 32 case patients and 38 control subjects were infected with HPV31 only. For HPV18, 12 cases and 13 controls had multiple carcinogenic infections, whereas 28 case patients and 28 control subjects had infections with HPV18 only. Data for HPV45 were too sparse to analyze. For HPV31, several sites in E2, L2, and L1 had higher median methylation levels in women with single HPV31 infections, with one site in L1 reaching statistical significance (Supplementary Table 5 , available online). Similarly, for HPV18, median methylation levels at ten sites in E2, L2, and L1, were found statistically significantly higher in case patients with single HPV18 infections compared with those with multiple infections (Supplementary Table 5 , available online). We further stratified the analysis for HPV31 into case patients with single types (n=32), multiple types including HPV16 (n=6), and multiple types without HPV16 (n=6), because HPV16 is the most carcinogenic type. There were not enough co-infections of HPV16 with HPV18 or HPV45 to extend the analysis beyond HPV31. With few exceptions, the methylation levels of HPV31 among case patients with multiple infections including HPV16 were lower 
Discussion
Whole-genome viral methylation patterns for HPV31, HPV18, and HPV45 vary significantly between women with CIN3 and women without histological or cytological evidence of high-grade CIN.
Consistent across HPV types 31, 18, 45, and 16 (6), four carcinogenic types accounting for over 80% of cervical cancers worldwide, high methylation levels in cases were observed for regions in E2, L2, and L1, whereas methylation was low in E6, E7, E1, and the URR. Although our previous findings for HPV16 could have been features specific to this unique carcinogenic type, our results here suggest that increased methylation at viral CpG sites is a general phenomenon associated with cellular transformation caused by carcinogenic HPV types. HPV18 methylation levels in case patients and control subjects. For each of the analyzed 105 CpG sites, the median percent methylation in case patients (red bars) and control subjects (grey bars) is shown (secondary y-axis). The black dots indicate Mann-Whitney-U test P values for median methylation differences between case patients and control subjects on an inverse logarithmic scale (primary y-axis). The HPV18 genomic region is shown on the x-axis. The correlation matrix in the bottom part of the graph indicates the correlation of methylation levels at all sites across the HPV18 genome. Black lines indicate transitions between adjacent HPV genes. For each combination of two sites, the Spearman rho correlation coefficient is shown color-coded with a range from perfect correlation (1, dark red) to inverse correlation (-1, dark blue) as indicated by the color bar. All statistical tests were two-sided.
Although the major methylation patterns were similar across types, we observed type-specific differences. Methylation levels were highest in case patients who were positive for HPV45, followed by HPV18 and HPV31. The methylation patterns and the correlation of methylation levels between different sites were more similar for HPV18 and HPV45 compared with HPV31. The similarities observed for methylation levels correspond to other general similarities between these two alpha-7 types. In addition to their close evolutionary relatedness (11), HPV18 and HPV45 share biologic characteristics: they are associated with glandular lesions and cervical adenocarcinomas (1) . Both types are found to have a higher rate of viral integration in cervical cancers compared with HPV16 (12) . The methylation patterns observed for HPV31 are similar to the patterns we previously found for HPV16. HPV16 and HPV31 are closely related types from the alpha-9 species group (13). HPV16 and HPV31 are about 80% identical, and HPV18 * Logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) based on a dichotomized result for methylation (the highest tertile vs. middle and low tertiles combined), comparing the case patients and control subjects. ROC curves and areas under the curve with 95% CIs were calculated for distributions of methylation levels in case patients and control subjects. All CpG sites in HPV18 with at least 0.2 median difference, or at least 10.0 odds ratio (OR), or at least 0.80 area under the curve (AUC) are displayed. Bold P values are below 0.00048, the level of statistical significance after correction for multiple infections using Bonferroni's correction. All statistical tests were two-sided.
and HPV45 are 82% identical, whereas 16/31 and 18/45 are less than 70% identical. Moreover, there are 110 and 117 CpG sites in HPV16 and 31, respectively, but 178 and 160 CpG sites in HPV18 and 45, respectively. We currently do not have functional data implicating a causal relationship between viral methylation and progression to CIN3. DNA methylation plays an important role in gene regulation. Transcriptional repression by DNA methylation can be mediated through methylation-sensitive transcription factors, proteins with DNA-methylation binding domains that block transcription factor binding, and through dense chromatin packing of methylated chromosomal regions (14) . While we observed high methylation levels in the L1 and L2 regions in women with CIN3, there was only low-level methylation in the URR and E6/E7 regions, which did not differ between case patients and control subjects. Thus, the genome regions involved in regulation of HPV oncogene expression remained largely unmethylated in CIN3. Several observations support a functional role of viral methylation in carcinogenesis. We observed strong associations between viral methylation and CIN3 for four different carcinogenic HPV types. If viral methylation Figure 3 . HPV45 methylation levels in case patients and control subjects. For each of the analyzed 106 CpG sites, the median percent methylation in case patients (red bars) and control subjects (grey bars) is shown (secondary y-axis). The black dots indicate Mann-Whitney U-test P values for median methylation differences between case patients and control subjects on an inverse logarithmic scale (primary y-axis). The HPV45 genomic region is shown on the x-axis. The correlation matrix in the bottom part of the graph indicates the correlation of methylation levels at all sites across the HPV45 genome. Black lines indicate transitions between adjacent HPV genes. For each combination of two sites, the Spearman rho correlation coefficient is shown color-coded with a range from perfect correlation (1, dark red) to inverse correlation (-1, dark blue) as indicated by the color bar. All statistical tests were two-sided. were merely a sign of epigenetic instability, we would expect a random distribution of methylated CpG sites throughout the HPV genome rather than the sharp contrast between URR-E1 methylation and E2-L1 methylation in case patients related to all three types (and HPV16 in our previous study). Although the data in this analysis are cross-sectional and do not allow us to analyze the temporal relationship between methylation and progression to CIN3, in our previous study, methylation of HPV16 was detected years before clinical detection of the case patients, suggesting that the temporality criterion of causality is fulfilled (6) . It is possible that HPV methylation in the L1/L2 regions influences viral gene expression patterns toward increased expression of viral oncogenes, but functional studies are required to elucidate the causal relationship between methylation and viral gene expression. We cannot exclude that the increased methylation of viral genomes in CIN3 is merely an indirect indicator of alterations of the cellular methylation machinery. However, there is no evidence for general genome-wide methylation changes in CIN3 supporting this hypothesis (15) . We observed differences of methylation levels in women with CIN3 and infection with multiple HPV types compared with those with single type infections. For HPV31, we found higher methylation levels in women with single HPV31 infections compared with women who had a co-infection of HPV31 with HPV16. Multiple HPV infections are common and complicate attribution of carcinogenic types to cervical disease (16) . Usually, one carcinogenic type causes a CIN3, while other carcinogenic types may be because of independent, transient infections. Because HPV31 methylation levels were lower when HPV16 was concomitantly present, it is likely that HPV16 was the causal type in some of these CIN3 cases and HPV31 was present in an unrelated infection with lower methylation levels. If confirmed, measuring viral methylation could provide important insight into HPV genotype attribution, which currently can only be studied with complex tissue-based approaches. Precise estimates of HPV genotype attribution to cervical disease have translational importance for evaluating the impact of preventive HPV vaccines and to decide which genotypes should be included in HPV DNA screening tests.
The consistent findings of increased methylation levels in women with CIN3 for four important carcinogenic types suggest that HPV methylation may serve as a biomarker for detection of prevalent or incident cervical precancer. This finding may have important implications for cervical cancer screening approaches. Large randomized trials have proven that testing for carcinogenic HPV DNA can be effectively used as a primary screening test (17) (18) (19) . Several countries are moving to replacing the Pap smear as primary screening test by HPV DNA assays. However, a major challenge is finding an efficient management strategy for HPV-positive women, because the vast majority of HPV infections are transient and will not cause precancer or cancer (2) . A 10% risk of CIN3 over 2 years is currently considered to be the approximate threshold for referral to colposcopy (2). The range of best AUC values for individual types was from 0.81 for HPV31 to 0.98 for HPV45. Assuming a prevalence of CIN3 of about 5%-10% in oncogenic HPV-positive women and requiring sensitivity of 90% for an assay to triage HPV-positive women, the corresponding specificity values should be at least 50% and up to greater than 90%. With these performance characteristics, positive predictive values between 10%-50% can be achieved in a HPV triage setting. Thus, even based on AUC values from single sites, measuring HPV methylation can achieve clinical performance comparable to currently used tests to triage HPV-positive women. Because of the high correlation of CpG sites across HPV genomes, measuring a few discriminative sites per HPV genotype will provide a good representation of overall methylation status. Because HPV methylation can be measured from the same specimen used for the screening the HPV test, a reflex triage of HPV-positive women using a multitype methylation assay could serve as a specific and reliable marker to identify women who need to undergo further evaluations in colposcopy. Few previous studies have reported data on HPV18 methylation in cervical carcinogenesis. High levels of methylation have been reported for a limited set of HPV18 L1 CpG sites in cervical cancer cell lines and in primary cervical cancers, but few precancerous samples have been evaluated previously with inconsistent results (20) (21) (22) . There is no previous data available for the association of HPV31 and HPV45 methylation with cervical precancer.
Our study had several strengths. The population was drawn from a large screening population that underwent co-testing with cytology and HPV DNA detection. We performed methylation analysis covering most of the viral genome in a large set of individuals using highly reliable state-of-the-art methylation assays with high reproducibility. As the PaP cohort study progresses over time, we will be able to study prediagnostic samples of incident cases. We are also currently expanding the assays to cover more carcinogenic genotypes.
This study also had some limitations. Despite the large sample size, the cases and controls available for HPV45 were limited. Although nested in a large cohort, our analysis at this point was purely cross-sectional, and it did not allow us to study prediagnostic methylation levels. However, the main translational applications, resolving type attribution and detecting CIN3 among HPV-positive women, do not require prospective testing. Because intermediate disease groups were not included in our study, some specificity measures may be inflated. However, our data strongly support development of an HPV methylation assay to detect cervical precancer. We acknowledge the limited availability of covariate data in our cohort, eg, on smoking and nutritional factors. While these factors have the Mann-Whitney U-test P values for median differences between case patients and control subjects in the three strata. The color scale ranges from low (dark green) to high (dark red) P values. The distribution of statistically significant P values across the HPV31 genome was similar for case patients with single HPV31 infections, and case patients with multiple infections without HPV16. All statistical tests were two-sided.
JNCI | Articles 1749 jnci.oxfordjournals.org been discussed to be related to DNA methylation, most previous studies have shown no or only marginal associations between HPV methylation at individual sites and various potential risk factors (23, 24) . Further, there are only few established risk factors for the progression from HPV infection to precancer, and they have relatively low ORs: the relative risk for progression is less than double for smoking. It is unlikely that confounding related to a weak risk factor will explain the strong associations observed in our analysis.
In conclusion, we demonstrate that HPV methylation is substantially different among women with HPV31, 18, 45 infections and CIN3 compared with women with the same genotype but without histological or cytological evidence of high-grade CIN. Methylation patterns were similar among closely related HPV genotypes. These findings may help improve our understanding of the molecular basis for viral persistence and increase our ability to identify women who are HPV-positive who are more likely to progress to cervical cancer. Measuring carcinogenic HPV DNA methylation could serve as a specific marker for infections with a high risk of cancer development. 
